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Abstract

Background: Kindler Syndrome (KS) is an autosomal recessive skin disorder characterized by skin blistering,
photosensitivity, premature aging, and propensity to skin cancer. In spite of the knowledge underlying cause of this
disease involving mutations of FERMTT (fermitin family member 1), and efforts to characterize genotype-phenotype
correlations, the clinical variability of this genodermatosis is still poorly understood. In addition, several pathognomonic
features of KS, not related to skin fragility such as aging, inflammation and cancer predisposition have been strongly
associated with oxidative stress. Alterations of the cellular redox status have not been previously studied in KS. Here we
explored the role of oxidative stress in the pathogenesis of this rare cutaneous disease.

Methods: Patient-derived keratinocytes and their respective controls were cultured and classified according to their
different mutations by PCR and western blot, the oxidative stress biomarkers were analyzed by spectrophotometry and
gPCR and additionally redox biosensors experiments were also performed. The mitochondrial structure and
functionality were analyzed by confocal microscopy and electron microscopy.

Results: Patient-derived keratinocytes showed altered levels of several oxidative stress biomarkers including MDA
(malondialdehyde), GSSG/GSH ratio (oxidized and reduced glutathione) and GCL (gamma-glutamyl cysteine ligase)
subunits. Electron microscopy analysis of both, KS skin biopsies and keratinocytes showed marked morphological
mitochondrial abnormalities. Consistently, confocal microscopy studies of mitochondrial fluorescent probes confirmed
the mitochondrial derangement. Imbalance of oxidative stress biomarkers together with abnormalities in the
mitochondrial network and function are consistent with a pro-oxidant state.

Conclusions: This is the first study to describe mitochondrial dysfunction and oxidative stress involvement in KS.
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Background

Kindler Syndrome (KS; OMIM 173650; ORPHA 2908), a
rare heritable skin disorder with a complex phenotype
and poorly understood pathogenesis, is characterized
clinically by acral skin blisters in infancy and childhood,
photosensitivity, and progressive poikiloderma [1-3].
Additional clinical features include chronic gingival ero-
sions, oesophageal and urethral stenosis as well as high
risk of mucocutaneous malignancies [1].
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KS results from recessive loss-of-function mutations in
the FERMT1I (fermitin family member 1) gene that en-
codes the protein kindlin-1, a component of focal adhe-
sions in epithelial cells [2,3]. This protein mediates
anchorage between the actin cytoskeleton and the
extracellular matrix via focal adhesions, playing an im-
portant role in keratinocyte migration, proliferation and
adhesion [4-7].

Although genetic mutations in FERMTI have been
identified as the origin of this disease, the complex pheno-
type of KS cannot be exclusively explained based on the
adhesive function of kindlin-1. Therefore, the mechanisms
responsible for clinical features such as photosensitivity
and cancer are still awaiting to be unveiled [8]. Several
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pathognomonic features of KS, not related to skin fra-
gility such as aging, inflammation and cancer have been
strongly associated to oxidative stress [9]. Reactive oxy-
gen species (ROS) are produced continuously in tissues
as part of normal cell functions. However, the excessive
production of ROS induces DNA and other macromole-
cules damage [9-11]. To counteract the excessive produc-
tion of ROS, mammalian cells have developed several
mechanisms of detoxification, located in specific subcellu-
lar compartments [12]. These include non-enzymatic anti-
oxidants such as glutathione (GSH) and enzymes with
antioxidant properties (e.g. catalase and superoxide dis-
mutases) [9,13]. Glutathione is one of the main antioxi-
dant molecules with a role in ROS detoxification and the
biochemical systems involved in their synthesis and recov-
ery (glutathione reductase and glutathione peroxidase) are
important to maintain the cell in a physiologic redox sta-
tus [14,15].

In this study we sought to analyse at both, cellular and
molecular levels, the potential derangements of the redox
status in KS skin and keratinocytes. Using a variety of bio-
chemical, molecular and morphological approaches we
were able to detect an imbalance of oxidative stress bio-
markers and mitochondrial abnormalities consistent with
a pro-oxidant state in KS. Our results provide pathological
bases for the non-adhesive clinical manifestations of this
intriguing genodermatosis.

Methods

Skin biopsies

Skin biopsies were taken from non-affected areas of KS
patients’ arm, in which mutations, ages and gender are de-
tailed in (Additional file 1: Table S1). Patient informed
consents were obtained in agreement with the collabora-
tive centres, where biopsies and blood samples were ob-
tained. The Ethics Committee of Fundacién Jiménez Diaz
(Madrid, Spain) evaluated and approved this research,
stating that the procedures followed were in accordance
with the institutional ethical standards on human experi-
mentation and the project adheres to the Helsinki Guide-
lines and further reviews including Seul 2008.

Electron microscopy

For Electron Microscopy, cell cultures were fixed with
3.5% glutaraldehyde while biopsies were fixed with 2%
paraformaldehyde and 2.5% glutaraldehyde solution by
immersion. All samples were post-fixed in 2% osmium
and dehydrated through an ascending series of ethanol
concentrations. They were then stained with 2% uranyl
acetate in 70% ethanol for 2 hours and embedded in
Durcupan resin (Fluka BioChemika, Ronkokoma, NY,
USA). Ultrathin sections (70 nm) were cut, stained with
Reynolds’ lead citrate and examined under a Transmis-
sion Electron Microscope (FEI Tecnai G2 Spirit, FEI
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Europe, Eindhoven, Netherlands) using a digital camera
(Morada, Soft Imaging System, Olympus, Japan). To iden-
tify the ultrastructural differences between patients’ skin
specimens and controls, 10 randomized cells from 10 ran-
domized areas of each cell culture were analyzed. Skin bi-
opsies were obtained from control and KS patients and
ten randomized mitochondria from eight keratinocytes
were analyzed for each sample.

Mutational analysis

Intronic primer pairs were designed to amplify individual
exons and flanking splice sites of the FERMT1 gene. Poly-
merase Chain Reaction (PCR) amplification of FERMT1
gene was performed on genomic DNA as previously de-
scribed [2,16]. PCR products were directly sequenced in
both orientations in an ABI Prism 3730 genetic analyzer
(Life Technologies/Applied Biosystems).

Primary keratinocyte culture

Skin biopsies were incubated two hours at room
temperature with collagenase (Sigma) (0.25% diluted in
DMEM (Gibco, Life Technologies)). Detached epidermal
sheet was then incubated with tryspin solution (Sigma)
for 20 minutes at 37°C (four cycles of trypsin were
done). The released keratinocytes were centrifuged at
1000 rpm for 7 minutes [17,18]. The cell pellet was resus-
pended in keratinocyte medium: 3:1 mixture of Dulbecco’s
modified Eagle medium (DMEM) (GIBCO-BRL) and
HAM'’s F12 (Gibco, Life Technologies), containing 10%
fetal calf serum replacement (Fetal Clone II, Hyclone-
Lonza). This medium was supplemented as previously
described [19,20]. Keratinocytes were plated in T75
flasks previously seeded with a feeder layer of lethally
irradiated (X-ray; 50 Gy) 3 T3-J2 cells (a gift from Dr J.
Garlick, SUNY, Stony Brook, NY) as previously described
[21], for western blot and redox biosensors experiments.
In contrast, for oxidative stress markers, confocal micros-
copy and electron microscopy experiments cells were cul-
tured in Cnt-BM.1 Basal Medium (CellNTec) in feeder
layer free conditions. Cells were cultured at 37°C in a
humid atmosphere containing 5% CO, and the culture
medium was changed every other day. Third to fifth pas-
sages cells were used as indicated for all experiments.

Measurement of lipid peroxides

Lipid peroxides were determined by measuring MDA,
which is formed from such peroxides. MDA from the
samples reacted with thiobarbituric acid (TBA) at 100°C
to form a MDA-TBA adduct. The protein-free extract was
separated by HPLC (Ultimate 3000 Bionex) on a column
of octadecyl silica gel (C16, Bionex) to separate the MDA -
TBA adduct from interfering chromogens. The adduct
was eluted from the column with 50 mM phosphate
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buffer pH 6.8- methanol 50% and quantified spectro-
photometrically at 532 nm.

Measurement of GSSG/GSH ratio

GSH and GSSG levels were studied using the Glutathione
Fluorescent Detection Kit (Arbor Assays, Ann Arbor,
Michigan USA) following the instructions of manufac-
turers for cellular material. Briefly, cells were prepared
in 5% sulphosalicilic acid and centrifuged at 13,000 g to
separate the proteins. The supernatant containing the
GSH and GSSG was reacted with ThioStarreagent to
produce a fluorescent product (A emission 510 nm, \
excitation 390 nm). Addition to the sample of a reac-
tion mixture containing NADPH and GSH reductase
converts all the GSSG into free GSH, which then reacts
with ThioStar, yielding the signal corresponding to total
GSH. The difference between both measures offers the
amount of GSSG.

qPCR
Total RNA was isolated from cells using the PARISTM
Protein and RNA Isolation System (Ambion; Austin, TX)
according to the manufacturer’s instructions. For reverse
transcription reactions (RT), 1 ug of the purified RNA was
reverse transcribed using random hexamers with the
High-Capacity ¢cDNA Archive kit (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instruc-
tions. RT conditions comprised an initial incubation step
at 25°C for 10 min to allow random hexamers annealing,
followed by cDNA synthesis at 37°C for 120 min, and a
final inactivation step for 5 min at 95°C. The mRNA levels
were determined by quantitative real-time PCR analysis
using an ABI Prism 7900 HT Fast Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA). Gene-
specific primer pairs and probes for GCLC and GCLM
(GCLM:Hs00157694_m1, GCLC:Hs00155249_m]l,Assay-
on-demand, Applied Biosystems), were used together with
1x TagMan® Universal PCR Master Mix (Applied Biosys-
tems, Foster City, CA) and 2 pL of reverse transcribed
sample RNA in 20 pL reaction volumes. PCR conditions
were 10 min at 95°C for enzyme activation, followed by 40
two-step cycles (15 sec at 95°C; 1 min at 60°C). The levels
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression were measured in all samples to normalize
gene expression for sample-to-sample differences in RNA
input, RNA quality and reverse transcription efficiency.
Each sample was analyzed in triplicate, and the expression
was calculated according to the 2-AACt method [22].

Redox biosensors experiments

Glutaredoxin-1 (Grx1) is an enzyme that specifically cat-
alyzes the equilibrium between the redox pair of interest,
reduced glutathione (GSH) and oxidized glutathione
(GSSG) in the cytoplasm. In this way, Grxl-roGFP2
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fusion protein allowed dynamic live imaging of the gluta-
thione redox potential in the cytoplasm with high sensitiv-
ity (from millimolar to nanomolar changes) and temporal
resolution, facilitating the observation of physiologically
relevant redox-based signals responding to exogenously
applied agents [23,24]. The Grx1-roGFP2 fusion protein
targeted to the mitochondrial matrix using a signal se-
quence from Neurospora crassa ATP synthase protein 9
(mito-Grx1-roGFP2) determines the glutathione redox
potential in mitochondria.

Retroviral supernatants from PA317 Grx1-roGFP2 and
mito-Grx1-roGFP2 lines (kindly donated by Dr. Santiago
Lamas, CIB) were collected and used for control and pa-
tients human keratinocytes infections (three controls and
three patients). Two rounds of seven hours infections
were performed and keratinocytes were grown until con-
fluence with keratinocyte medium (percentage of infection
was higher than 75%). GFP positive cells were analyzed by
flow cytometry (LSRFortessa, BD Biosciences, USA) either
in basal state or after addition of 12.5 uM hydrogen perox-
ide solution. Cells were excited with 405 and 488 nm la-
sers and the ratio of emissions in the green channel was
calculated. Flow cytometry data were analysed using
FlowJo version 7.6.1.

Western blotting

Keratinocytes were lysed with a lysis buffer prepared with
Tris pH 7.5 50 mM, NaCl 150 mM, Triton 1.5%, EDTA
1 mM, protease inhibitor cocktail tablets (Roche), ortova-
nadate, sodium pyrophosphate and sodium fluoride. The
lysates were then loaded with LDS Sample Buffer (Invitro-
gen) or manufactured sample buffer 5X and run on
NuPage 4-12% Bis-Tris gels (Invitrogen) at 120 V for
2 hours for antioxidant enzymes. The proteins were then
transferred onto nitrocellulose membranes (Invitrogen)
and blocked in 5% skimmed milk in 0.1% Tween-20
(Sigma-Aldrich) and phosphate-buffered saline. The mem-
branes were then probed with anti-kindlinl (1:10.000)
antibody [25] overnight at 4°C. Mouse monoclonal anti-a
tubulin (Sigma-Aldrich) was used as loading control.
Anti-rabbit horseradish peroxidase-conjugated IgG anti-
body was used as secondary antibody. Visualization of
protein bands was done with ECL western blotting de-
tection reagents (Amersham Biosciences and Thermo
Scientific).

Confocal microscopy

The mitochondrial distribution and morphology was stud-
ied by confocal microscopy. Cells were plated in rounded
glass in Cnt-BM.1 medium and after 48 h of culture they
were stained to localize mitochondria and nuclei. Cells
were loaded with Mito Tracker Red™ (Invitrogen) in a final
concentration of 250 nM in cell culture medium, 37°C
and 5% CO2 and after 30 minutes of incubation they were
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mounted with DAPI (Molecular probes). The fluorescence
was detected by confocal microscopy (Al Confocal Laser
Microscope System (Nikon)) and the plane (along the Z
axes) that had most mitochondria was captured. Images
are representative examples of 3 separate experiments.
Mitocondrial's membrane potential was determined
with JC-1™ vital dye (Invitrogen). It is a cationic dye that
exhibits potential-dependent accumulation in mitochon-
dria, indicated by a fluorescence emission shift from
green (~520 nm) to red (~590 nm). Consequently, mito-
chondrial depolarization is indicated by a decrease in the
red/green fluorescence intensity ratio. Cells were plated
in rounded glass in Cnt-BM.1 medium and after 48 h of
culture they were stained with 2.5 pg/mL JC-1", 10 mi-
nutes, 37°C. After that, glasses were mounted with DAPI
and pictures were obtained with a confocal microscope.

Statistical analysis

For the statistical analysis of the results, the mean was
taken as the measurement of the main tendency, while
standard deviation was taken as the dispersion measure-
ment. A Student-Newman-Keuls method was used to
determine the significance of differences, when analyzing
GSSG/GSH ratio, GCLC and GCLM relative expression
determined by qRT-PCR, MDA levels studied by HPLC-
UV, biosensors by flow cytometry and JC-1 intensity by
confocal microscopy. The significance has been consid-
ered at *p < 0.05, **p < 0.01 and ***p < 0.001, as indicated
in each case. GraphPad Software v5.0 was used for stat-
istical analysis and graphic representations.

Results

FERMT1 mutations correlate with reduced or absent
kindlin-1 protein in KS keratinocytes

Three unrelated patients with KS were studied. The pa-
tients’ mutations, age and gender are summarized in
Additional file 1: Table S1. Clinical features and muta-
tions have been previously described; patients 4, 10 and
53 described in that study correspond respectively to
our patients SK1, SK2 and SK3 [16]. The effects of the
mutations were confirmed at mRNA and protein levels.
Patient 1 (SK1) presented a homozygous mutation within
the consensus sequence of the donor splice site of intron
11 (c.1371 + 4A > G) that was predicted to result in aber-
rant splicing of the FERMT1 pre-mRNA. This mutation
causes the skipping of 32 nucleotides leading to incorrect
processing of the mRNA that generates a prematurely
ending (truncated) protein. Consistently, the RT-PCR
analysis and the western blot indicated the presence of
truncated mRNA (data not shown) and protein (p.
GIn226ProfsX17) (Additional file 1: Figure S1). Patient
2 (SK2) presented a homozygous duplication at codon
676 (c.676dupC) leading to a frameshift that results in
the generation of a premature termination codon, 16
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codons downstream. Consistent with this prediction
the mRNA and protein analysis showed the presence of
a truncated message (data not shown) and absence of
protein (Additional file 1: Figure S1). Patient 3 (SK3)
presented a homozygous single nucleotide substitution
(T>C) at position 1198 in exon 10 (c.1198 T >C).
mRNA and protein analysis showed messenger (data
not shown) and protein of normal size (amino acid sub-
stitution: p.Ser400Pro [16]), although the amount of
kindlin-1 is markedly reduced as compared to control
keratinocytes (Additional file 1: Figure S1).

These patients represent a proper sampling of the
spectra of mutations found in KS, with one patient
showing total lack of expression (SK2), one presenting a
truncated protein (SK1) and a third expressing a normal
size protein with a single amino acid substitution and re-
duced expression (SK3).

Keratinocytes from KS patients are prone to oxidative
stress

GSH is one of the most important protective mechanisms
against ROS. In this regard, one of the best-characterized
biomarkers of cellular oxidative stress is the ratio between
oxidized and reduced glutathione (GSSG/GSH) [13-15].
The GSSG/GSH ratio was significantly higher in kerati-
nocytes from SK1 and SK3 patients than those obtained
from their matched (gender and age) healthy controls.
Keratinocytes from SK2 patient followed the same
trend, although differences were not statistically signifi-
cant (Figure la-c). Expression levels of the two subunits
of the gamma-glutamyl cysteine ligase (GCLC, the cata-
lytic subunit and GCLM, the modulatory subunit),
which catalyzes the first rate limiting step for the syn-
thesis of GSH were determined by quantitative PCR.
Results showed in Figure 1d-f, indicated that the
mRNA levels of GCLC were significantly reduced in KS
keratinocytes, as compared to their matched controls.
Decreased levels of the modulatory subunit (GCLM)
mRNA were also found in SK1 and SK3.

We also studied another marker of oxidative stress,
malondialdehyde (MDA). This is a product of the deg-
radation of polyunsaturated lipids by ROS [26]. Our re-
sults showed that all KS patient-derived keratinocytes
have higher MDA levels compared to their matched
control keratinocytes, indicating oxidative damage of
lipids (lipoperoxidation) in KS cells. Noteworthy, MDA
level values were higher in cells obtained from an adult
patient (SK3) than in the keratinocytes derived from the
young patients (SK1 and SK2) (Figure 1g-i).

In order to confirm the redox status alteration in KS
keratinocytes were transduced with a highly sensitive chi-
merical redox biosensor system (Grx1-roGFP2). A second
sensor containing a signal peptide directed to the mito-
chondria (mito-Grx1-roGFP2) was also used to detect
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oxidative stress in the mitochondrial matrix. KS and con-
trol keratinocytes expressing Grx1-roGFP2 or mito-Grx1-
GFP2 were treated with hydrogen peroxide solution
(H20,) and analyzed by flow cytometry. The basal biosen-
sor levels in the KS keratinocytes (in the absence of H,0O,)
already showed a higher oxidized/reduced ratio than their
respective controls. After H,O, challenge, the same ten-
dency was observed, indicating a higher pro-oxidative
state in KS keratinocytes (Figure 2a). When the mitochon-
drial redox status was analyzed using mito-Grx1-roGFP2,
a similar response to that found at the cytoplasm was ob-
served (Figure 2b). Only patient 3 showed similar re-
sponses to the controls (Additional file 1: Figure S2). This
could be likely due to the mild nature of the FERMT1 mu-
tation in this patient which explains also the moderate
symptoms described in this patient.

Mitochondrial structure, localization and function is

altered in KS epidermis and keratinocytes in culture

We sought to determine whether deranged redox status
could translate into ultrastructural changes in target or-
ganelles. For this purpose, the morphology of mitochon-
dria in patient skin biopsies and cultured keratinocytes
was analyzed by electron microscopy. The Figure 3a

shows a panoramic view of the KS epidermis, showing a
zoom in a basal keratinocyte (Figure 3b). The ultra-
structural analysis of KS skin biopsies revealed striking
abnormalities in mitochondria. In fact, mitochondrial
crests were irregular, dilated and did not present paral-
lel distribution (Figure 3c), which contrasted with the
well-organized mitochondrial network in normal skin
biopsies (Figure 3d). Furthermore, both internal and ex-
ternal mitochondrial membranes had a wavy morph-
ology and irregular thickness (Figure 3c). Similarly, the
ultrastructural analysis of the cultured keratinocytes from
KS patients showed mitochondrial alterations with a
tendency toward the fusion of mitochondrial crests
that may affect the inter-membrane space and func-
tionality (Figure 3f) compared with control keratino-
cytes (Figure 3e). To analyze mitochondrial distribution,
keratinocytes from healthy subjects and KS patients were
incubated with the mitochondria-specific dye Mito
Tracker Red and subsequently analyzed by confocal mi-
croscopy. Mitochondria in control keratinocytes formed
a well-established network. In contrast, keratinocytes
from KS patients showed both, a reduced and diffuse
Mito Tracker Red staining consistent with a disorganized
mitochondrial network (Figure 4a and b). In order to
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assess mitochondrial function, the membrane potential
was studied in control and KS keratinocytes using the
JC-1 probe. The analysis showed a significant reduction
of the membrane potential in KS cells compared to
controls as determined by the red-to-green JC-1 dye shift
(Figure 4c-e and Additional file 2: Figure S3). Overall, our
data indicate that mitochondria in KS keratinocytes are
not only altered in structure, but also in their distribution
and functionality.

Discussion

The natural history of a genetic disease is not completely
described by the simple identification of the causal muta-
tion but requires also the understanding of biochemical
and molecular mechanisms that are directly responsible of
the phenotypic characteristics of the disease. Sometimes
this is challenging given the multiple interactions of genes
downstream of the mutation. This appears to be the case
of KS for which several aspects of its pathogenesis remain

uncertain. Since two of the unexplained features of KS,
photosensitivity and cancer development, have been asso-
ciated with oxidative stress, we have advanced the hypoth-
esis that some clinical features of KS patients may be
related to a redox imbalance and higher susceptibility to
oxidative stress.

Our results cover mutation spectra and phenotype since
they are based on three very different types of mutations.
They include a simple hypomorphic mutation caused by a
single amino acid substitution (SK3), a mutation resulting
in a truncated protein (SK1), and a patient null for
kindlin-1 (SK2). Furthermore, given the importance of age
in the symptomatology of this disease, the three patients
studied reflect different ages, two children (SK1 and SK2)
and one adult (SK3). For redox studies, we also took into
account the patients’ gender (all patients are females) and
consequently, in every case the control was matched by
age and gender. As for other genodermatoses, availability
of samples to derive keratinocyte cultures is usually low.



Zapatero-Solana et al. Orphanet Journal of Rare Diseases (2014) 9:211

Page 7 of 10

BIOPSIES
'

CELL CULTURES

Figure 3 Mitochondrial ultrastructure in KS. Keratinocytes from skin biopsies and cultured keratinocytes from control and KS patients were
studied by electron microscopy (EM). (a) Panoramic view of the basal stratum from SK3 patient. (b) Detail of a keratinocyte (squared region in a).
(c) Mitochondria from patient SK3 (squared in b). (d) Mitochondria from a control sample. (e,f) EM photomicrographs of mitochondria from
control (e) and from patient SK1 (f) cultured keratinocytes. Scale bars: 10 um (a), 2 um (b), 200 nm (¢, d, e, f). Images shown are representative

of each experimental group.

In spite of this drawback, our results, obtained with pri-
mary patient cells covering different mutations and ages,
follow a clear trend regarding oxidative status and mito-
chondrial alterations.

The oxidative stress biomarker analysis revealed that
GSSG/GSH ratio was higher in SK1 and SK3 keratino-
cytes (Figure 1). These results are linked to a lower
capability of KS cells to synthesize GSH due to the down-
regulation of the catalytic (GCLC) and the regulatory

(GCLM) subunits of gamma-glutamyl cysteine ligase
(GCL), the first rate limiting enzyme of GSH synthesis
(Figure 1). Therefore, keratinocytes from KS patients
are prone to oxidative stress likely leading to damage of
different cellular components. Consistently, the lipoper-
oxidation product MDA showed high levels in KS kera-
tinocytes. In addition, this difference was higher in cells
from the adult patient (Figure 1). These results, which
may reflect oxidative damage accumulation during ageing,
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Figure 4 Mitochondria distribution and function in KS keratinocytes. (a and b) Mito Tracker Red staining. Note the smeared mitochondria
staining in KS keratinocytes (b) as compared to the control cells (a). (c and d) JC-1 staining. Note mitochondrial depolarization in KS keratinocytes
as indicated by the decrease in the red/green fluorescence intensity ratio. (e) Quantification of JC-1 staining. Membrane potential reduction was

statistically significant (*p < 0.05) after t-student test. Scale bars =10 pm.

are especially relevant in KS because MDA has been in-
volved in the pathogenesis of skin alterations associated
with non-melanoma and melanoma skin cancer [27] as
well as photoaging [28]. Furthermore, MDA can bind
to DNA producing mutagenic adducts [29]. MDA de-
rivatives such as dihydropyridine (DHP)-type adducts
including DHP-sysine [(S)-2-amino-6-(3,5-diformyl-4-
methyl-4 h-pyridin-1-yl)-hexanoic acid] may accumu-
late under cellular redox unbalance in human tissues
[30,31]. These products can originate phototoxicity as
occurs in human retinal pigment epithelial cells [32]
and could be major sensitizers of photooxidative stress
in human skin cells [33].

Cytoplasmic and mitochondrial abnormalities in redox
balance confirmed by Grx1-roGFP2 biosensors system,
in KS keratinocytes (Figure 2) suggests that KS cells
would not be competent to properly cope with an oxida-
tive imbalance in these compartments.

Taken together, our results suggest that alterations of
the redox balance in KS may be a potential explanation
of the premature skin ageing and cancer prone pheno-
type of these patients.

As discussed above, our results with the biosensor
probes point to the cytoplasm and the mitochondria as
potential sources of ROS. For this reason, we decided to
study morphological and functional alterations of the
mitochondria of KS patients. Electron microscopy of both,

skin biopsies and cultured keratinocytes from KS patients
showed morphological alterations which are consistent
with dysfunctional mitochondria (Figure 3) as previously
described in UV-irradiated skin [34]. These results were
confirmed by confocal microscopy which not only showed
morphological alterations with the Mito Tracker probe
but also functional abnormalities as revealed by the mem-
brane potential-sensitive JC-1 dye (Figure 4). Similar re-
sults were reported with these two probes in studies of
mitochondrial dysfunction in Parkinson's and Alzheimer's
disease [35,36].

To our best knowledge, neither oxidative stress nor al-
terations in the mitochondria have been previously re-
ported in KS. It is not yet clear whether a derangement
of the redox status in KS cells is cause or consequence
to mitochondrial dysfunction and morphological aberra-
tions. The most likely explanation is that mitochondria
are both the cause and effect of the oxidative stress.
Therefore, we envisage a vicious circle where ROS-
altered mitochondria results in increased mitochondrial
oxidative stress.

At this point it is not clear how alterations in kindlin-
1 may lead to generation of oxidative stress. It is unlikely
that the pure disruption of the kindlin-1 synthesis would
explain this phenomenon. A likely explanation is that al-
terations in kindlin-1 function lead to a disruption in the
signal transduction pathways involving integrins and
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focal adhesions [37-40]. In fact, integrins modulate mito-
chondrial function by signalling through Rho GTPases
leading to the increase in ROS formation. On the other
hand, ROS play a role in the regulation of the early
phase contact between integrins and extracellular matrix
resulting in a positive feedback loop [39]. Not only mito-
chondrial ROS but also cytosolic ROS levels are affected
by integrins, particularly in cooperation with growth factor
stimulation [41,42]. Recent evidence from a conditional
Fermtl knock out mouse model associated kindlin-1 defi-
ciency to av 6 integrin-mediated increase of TGEp ac-
tivation [40]. It has been shown that TGFfB-induced
reduction of mitochondrial complex IV and respiration
leads to increased ROS and decreased mitochondrial
membrane potential associated with senescence in lung
epithelial cells. TGFB-1 induces prolonged mitochon-
drial ROS generation through decreased complex IV ac-
tivity with senescent arrest in Mv1Lu cells [43]. It is
thus tempting to speculate that these molecular events
may be related to the oxidative stress and mitochon-
drial changes herein described. Further studies are,
however, needed to establish whether TGFp could be
the link between deficient integrin signalling and oxida-
tive stress.

Conclusions

Our results suggest that KS keratinocytes are cells under
severe oxidative stress, a condition which could underlie
some of the obscure aspects of the disease such as pho-
toaging, photosensitivity and ultimate, the high risk of
cancer development.
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Additional file 1: Table S1. Age and sex description of the patients and
controls used in this study. Figure S1. Expression analysis of Kindlin1 is
KS keratinocytes. Western blot analysis was performed from control and
KS keratinocytes. Cells from each patient show a different pattern of
protein expression due to their different FERMTT mutations. a-tubulin was
used as protein loading control. Figure S2. Patient specific redox biosensors
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each patient infected either with retroviruses encoding Grx1-roGFP2 (a)
or mito-Grx1-roGFP2 (b) are shown.

Additional file 2: Figure S3. Quantification of JC-Tstaining by FACS
analysis. Note mitochondrial depolarization in KS keratinocytes compared
with their respective controls, as indicated by the decrease in the red/green
fluorescence intensity ratio. Membrane potential reduction was statistically
significant (*p < 0.05) after t-student test.

Abbreviations
KS: Kindler Syndrome; ROS: Reactive Oxygen Species; MDA: Malondialdehyde;
GSH: Glutathione.

Competing interests
The authors declare that they have no competing interest.

Authors’ contributions
EZS, JLGG and SGA have been contributed equally to this work. AT, EB and
CH provided patients’ cells and reagents for this study. EZS cultured the cells

Page 9 of 10

and performed western blots analysis. EZS and JLGG performed redox
experiments. SGA conducted confocal microscopy studies. MG performed
the mutational analysis. MDM and JMGV performed the electron microscopy
studies. FL, CJC, FVP and MDR and designed and coordinated the study and
helped to draft the manuscript. EZS, SGA, CJC and JLGG designed the study
and wrote the manuscript. All authors read and approved the final
manuscript.

Acknowledgements

FL was supported by grants from Instituto de Salud Carlos Il (P111/01225)
and Comunidad de Madrid (S2010/BMD- 2359; SKINMODEL). MDR was
supported by grants from the Science and Innovation Ministry of Spain
(SAF2010-16976), Comunidad de Madrid (52010/BMD-2420; CELLCAM),
GENEGRAFT - contract N° HEALTH-F2-2011-261392 and CIBERER ACCI 13-714/
172.04. MG is supported in part by ERA-NET grant: E-Rare-2 (SpliceEB). EZ was
in part supported by a fellowship from CIBERER and SAF2010-16976. We are
grateful to Blanca Duarte for her excellent technical support and to Dr. Rafael
Garesse from CIBERER for helpful scientific discussion and advice.

Author details

!Centre for Biomedical Network Research on Rare Diseases (CIBERER), ISCIII,
Valencia, Spain. 2Regeneraﬁve Medicine Unit. Departament of Basic Research,
Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas
(CIEMAT), Madrid, Spain. 3Departmem of Bioengineering, Universidad Carlos
Il de Madrid (UC3M), Madrid, Spain. “Instituto de Investigacion Sanitaria de la
Fundacion Jiménez Diaz (lIS-FJD), Madrid, Spain. 5Department of Physiology,
Faculty of Medicine, University of Valencia, Valencia, Spain. ®Fundacién
Investigacion Hospital Clinico Universitario de Valencia, Instituto de
Investigacion INCLIVA, Valencia, Spain. “Servei de Dermatologia, Hospital del
Mar, Parc de Salut Mar, Cancer Research Program, IMIM (Institut Hospital del
Mar d'Investigacions Médiques), Barcelona, Spain. ®Department of
Dermatology, Hospital de la Santa Creu i Sant Pau, Barcelona, Spain.
“Laboratorio de Neurobiologia Comparada, Instituto Cavanilles, Universidad
de Valencia, CIBERNED, Valencia, Spain. '°Department of Dermatology,
Medical Centre-University of Freiburg, Freiburg, Germany.

Received: 7 August 2014 Accepted: 10 December 2014
Published online: 21 December 2014

References

1. Lotem M, Raben M, Zeltser R, Landau M, Sela M, Wygoda M, Tochner ZA:
Kindler syndrome complicated by squamous cell carcinoma of the hard
palate: successful treatment with high-dose radiation therapy and
granulocyte-macrophage colony-stimulating factor. Br J Dermatol 2001,
144:1284-1286.

2. Siegel DH, Ashton GH, Penagos HG, Lee JV, Feiler HS, Wilhelmsen KC, South
AP, Smith FJ, Prescott AR, Wessagowit V, Oyama N, Akiyama M, Al Aboud D,
Al Aboud K, Al Githami A, Al Hawsawi K, Al Ismaily A, Al-Suwaid R, Atherton
DJ, Caputo R, Fine JD, Frieden IJ, Fuchs E, Haber RM, Harada T, Kitajima Y,
Mallory SB, Ogawa H, Sahin S, Shimizu H, et al: Loss of kindlin-1, a
human homolog of the Caenorhabditis elegans actin-extracellular-matrix
linker protein UNC-112, causes Kindler syndrome. Am J Hum Genet 2003,
73:174-187.

3. Jobard F, Bouadjar B, Caux F, Hadj-Rabia S, Has C, Matsuda F, Weissenbach
J, Lathrop M, Prud'homme JF, Fischer J: Identification of mutations in a
new gene encoding a FERM family protein with a pleckstrin homology
domain in Kindler syndrome. Hum Mol Genet 2003, 12:925-935.

4. Herz C, Aumailley M, Schulte C, Schlotzer-Schrehardt U, Bruckner-Tuderman
L, Has C: Kindlin-1 is a phosphoprotein involved in regulation of polarity,
proliferation, and motility of epidermal keratinocytes. J Biol Chem 2006,
281:36082-36090.

5. Lai-Cheong JE, Tanaka A, Hawche G, Emanuel P, Maari C, Taskesen M,
Akdeniz S, Liu L, McGrath JA: Kindler syndrome: a focal adhesion
genodermatosis. Br J Dermatol 2009, 160:233-242.

6. Has C, Ludwig RJ, Herz C, Kern JS, Ussar S, Ochsendorf FR, Kaufmann R,
Schumann H, Kohlhase J, Bruckner-Tuderman L: C-terminally truncated
kindlin-1 leads to abnormal adhesion and migration of keratinocytes.
Br J Dermatol 2008, 159:1192-1196.

7. Lai-Cheong JE, Ussar S, Arita K, Hart IR, McGrath JA: Colocalization of
kindlin-1, kindlin-2, and midfilin at keratinocyte focal adhesion and


http://www.ojrd.com/content/supplementary/s13023-014-0211-8-s1.pdf
http://www.ojrd.com/content/supplementary/s13023-014-0211-8-s2.pdf

Zapatero-Solana et al. Orphanet Journal of Rare Diseases (2014) 9:211

relevance to the pathophysiology of Kindler syndrome. J Invest Dermatol
2008, 128:2156-2165.

8. White SJ, McLean WH: Kindler surprise: mutations in a novel actin-
associated protein cause Kindler syndrome. J Dermatol Sci 2005, 38:169-175.

9. Wang CH, Wu SB, Wu YT, Wei YH: Oxidative stress response elicited by
mitochondrial dysfunction: implication in the pathophysiology of aging.
Exp Biol Med (Maywood) 2013, 238:450-460.

10.  Finkel T, Holbrook NJ: Oxidants, oxidative stress and the biology of
ageing. Nature 2000, 408:239-247.

11. Berg D, Youdim MB, Riederer P: Redox imbalance. Cell Tissue Res 2004,
318:201-213.

12. Kohen R, Nyska A: Oxidation of biological systems: oxidative stress
phenomena, antioxidants, redox reactions, and methods for their
quantification. Toxicol Pathol 2002, 30:620-650.

13. Jacob KD, Noren Hooten N, Trzeciak AR, Evans MK: Markers of oxidant
stress that are clinically relevant in aging and age-related disease.

Mech Ageing Dev 2013, 134:139-157.

14. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND: Glutathione metabolism
and its implications for health. J Nutr 2004, 134:489-492.

15. Jones DP: Redox potential of GSH/GSSG couple: assay and biological
significance. Methods Enzymol 2002, 348:93-112.

16. Has C, Castiglia D, del Rio M, Diez MG, Piccinni E, Kiritsi D, Kohlhase J, Itin P,
Martin L, Fischer J, Zambruno G, Bruckner-Tuderman L: Kindler syndrome:
extension of FERMT1 mutational spectrum and natural history. Hum Mutat
2011, 32:1204-1212.

17. Llames SG, Del Rio M, Larcher F, Garcia E, Garcia M, Escamez MJ, Jorcano JL,
Holguin P, Meana A: Human plasma as a dermal scaffold for the generation
of a completely autologous bioengineered skin. Transplantation 2004,
77:350-355.

18.  Del Rio M, Larcher F, Serrano F, Meana A, Munoz M, Garcia M, Munoz E,
Martin C, Bernad A, Jorcano JL: A preclinical model for the analysis of
genetically modified human skin in vivo. Hum Gene Ther 2002, 13:959-968.

19.  Guerrero-Aspizua S, Garcia M, Murillas R, Retamosa L, lllera N, Duarte B,
Holguin A, Puig S, Hernandez MI, Meana A, Jorcano JL, Larcher F, Carretero M,
Del Rio M: Development of a bioengineered skin-humanized mouse model
for psoriasis: dissecting epidermal-lymphocyte interacting pathways. Am J
Pathol 2010, 177:3112-3124.

20. Garcia M, Llames S, Garcia E, Meana A, Cuadrado N, Recasens M, Puig S,
Nagore E, Illera N, Jorcano JL, Del Rio M, Larcher F: In vivo assessment of
acute UVB responses in normal and Xeroderma Pigmentosum (XP-C)
skin-humanized mouse models. Am J Pathol 2010, 177:365-872.

21. Meana A, Iglesias J, Del Rio M, Larcher F, Madrigal B, Fresno MF, Martin C,
San Roman F, Tevar F: Large surface of cultured human epithelium
obtained on a dermal matrix based on live fibroblast-containing fibrin
gels. Burns 1998, 24:621-630.

22. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
2001, 25:402-408.

23.  Gutscher M, Pauleau AL, Marty L, Brach T, Wabnitz GH, Samstag Y, Meyer AJ,
Dick TP: Real-time imaging of the intracellular glutathione redox potential.
Nat Methods 2008, 5:553-559.

24. Hanson GT, Aggeler R, Oglesbee D, Cannon M, Capaldi RA, Tsien RY, Remington
SJ: Investigating mitochondrial redox potential with redox-sensitive green
fluorescent protein indicators. J Biol Chem 2004, 279:13044-13053.

25. Has C Herz C Zimina E, Qu HY, He Y, Zhang ZG, Wen TT, Gache Y, Aumailley M,
Bruckner-Tuderman L: Kindlin-1 Is required for RhoGTPase-mediated
lamellipodia formation in keratinocytes. Am J Pathol 2009, 175:1442-1452.

26. Halliwell B, Chirico S: Lipid peroxidation: its mechanism, measurement,
and significance. Am J Clin Nutr 1993, 57:7155-724S. discussion 724S-725S.

27.  Sander CS, Hamm F, Elsner P, Thiele JJ: Oxidative stress in malignant melanoma
and non-melanoma skin cancer. Br J Dermatol 2003, 148:913-922.

28. Yan SX, Hong XY, Hu Y, Liao KH: Tempol, one of nitroxides, is a novel
ultraviolet-A1 radiation protector for human dermal fibroblasts. J Dermatol
Sci 2005, 37:137-143.

29. Marnett LJ: Lipid peroxidation-DNA damage by malondialdehyde. Mutat Res
1999, 424:83-95.

30. Del Rio D, Stewart AJ, Pellegrini N: A review of recent studies on
malondialdehyde as toxic molecule and biological marker of oxidative
stress. Nutr Metab Cardiovasc Dis 2005, 15:316-328.

31, Uchida K: Lipofuscin-like fluorophores originated from malondialdehyde.
Free Radic Res 2006, 40:1335-1338.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

Page 10 of 10

Sparrow JR, Nakanishi K, Parish CA: The lipofuscin fluorophore A2E
mediates blue light-induced damage to retinal pigmented epithelial
cells. Invest Ophthalmol Vis Sci 2000, 41:1981-1989.

Lamore SD, Azimian S, Horn D, Anglin BL, Uchida K, Cabello CM, Wondrak GT:
The malondialdehyde-derived fluorophore DHP-lysine is a potent sensitizer
of UVA-induced photooxidative stress in human skin cells. J Photochem
Photobiol B 2010, 101:251-264.

Birch-Machin MA, Swalwell H: How mitochondria record the effects of UV
exposure and oxidative stress using human skin as a model tissue.
Mutagenesis 2010, 25:101-107.

Trimmer PA, Swerdlow RH, Parks JK, Keeney P, Bennett JP Jr, Miller SW,
Davis RE, Parker WD Jr: Abnormal mitochondrial morphology in sporadic
Parkinson's and Alzheimer's disease cybrid cell lines. Exp Neurol 2000,
162:37-50.

Kim DY, Won SJ, Gwag BJ: Analysis of mitochondrial free radical generation
in animal models of neuronal disease. Free Radic Biol Med 2002, 33:715-723.
Margadant C, Kreft M, Zambruno G, Sonnenberg A: Kindlin-1 regulates
integrin dynamics and adhesion turnover. PLoS One 2013, 8:e65341.
Fiaschi T, Cozzi G, Raugei G, Formigli L, Ramponi G, Chiarugi P: Redox
regulation of beta-actin during integrin-mediated cell adhesion. J Bio/
Chem 2006, 281:22983-22991.

Werner E, Werb Z: Integrins engage mitochondrial function for signal
transduction by a mechanism dependent on Rho GTPases. J Cell Biol
2002, 158:357-368.

Rognoni E, Widmaier M, Jakobson M, Ruppert R, Ussar S, Katsougkri D,
Bottcher RT, Lai-Cheong JE, Rifkin DB, McGrath JA, Fassler R: Kindlin-1
controls Wnt and TGF-beta availability to regulate cutaneous stem cell
proliferation. Nat Med 2014, 20:350-359.

Chiarugi P, Giannoni E: Anchorage-dependent cell growth: tyrosine
kinases and phosphatases meet redox regulation. Antioxid Redox Signal
2005, 7:578-592.

Chiarugi P: From anchorage dependent proliferation to survival: lessons
from redox signalling. [UBMB Life 2008, 60:301-307.

Yoon YS, Lee JH, Hwang SC, Choi KS, Yoon G: TGF betal induces prolonged
mitochondrial ROS generation through decreased complex IV activity with
senescent arrest in Mv1Lu cells. Oncogene 2005, 24:1895-1903.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Skin biopsies
	Electron microscopy
	Mutational analysis

	Primary keratinocyte culture
	Measurement of lipid peroxides
	Measurement of GSSG/GSH ratio
	qPCR
	Redox biosensors experiments
	Western blotting
	Confocal microscopy
	Statistical analysis

	Results
	FERMT1 mutations correlate with reduced or absent kindlin-1 protein in KS keratinocytes
	Keratinocytes from KS patients are prone to oxidative stress
	Mitochondrial structure, localization and function is altered in KS epidermis and keratinocytes in culture

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

